Abstract Landslides are very complex processes controlled by multiple factors. The knowledge and characterization of these factors is essential for a comprehensive understanding of the mechanisms and kinematics of the instabilities and for an efficient design of corrective measures. The aim of this work is to combine traditional geological and geotechnical techniques with geophysical, remote sensing and forensic techniques for obtaining a whole picture of an active lateral spreading affecting the Finestrat municipality in Alicante, SE Spain. Geomorphological, geotechnical and geophysical techniques (i.e. ground penetrating radar and refraction seismic) have provided essential information about the geometry, structure and petro-physical properties of the slope. A Terrestrial Laser Scanner was used for recognizing the most important sets of discontinuities affecting the rock mass and to evaluate the activity of the landslide slope. Complementarily, a forensic analysis of the building damage completed the available datasets, yielding very useful kinematic information of the landslide. Finally, a sensitivity analysis of the stability of the rock slope has been performed considering both block toppling and block sliding models. Therefore, the multisource analysis performed in this work has allowed the identification and characterization of a complex lateral spreading, highlighting its effectiveness for a comprehensive understanding of this type of landslide.
Introduction
Landslides are complex landscape processes controlled by a high number of geometrical, geological and geotechnical factors. Given their complexity, it is usually necessary to merge information from different sources and techniques for a comprehensive and precise understanding of the phenomenon and the later effective design of the corrective measures (Ausilio and Zimmaro 2016) . The multitechnique approach, which consists of the integration of information obtained from different techniques, has been successfully applied to the study of many landslides (e.g. Ausilio and Zimmaro 2016 , Crosta et al. 2014 , Hürlimann et al. 2006 , Mantovani et al. 2013 , Merritt et al. 2014 , Naudet et al. 2008 , Sass et al. 2008 , Travelletti et al. 2013 , Travelletti and Malet 2012 . As the geometry of bedrock, internal layers and sliding surface of landslides govern their mechanism and displacement pattern (Travelletti and Malet 2012) , geological, hydrological, geophysical and geotechnical instrumentation for monitoring are frequently combined for the characterization of this gravitational process. This information can be classified into five groups according to Traveletti and Mallet (2012) : (a) kinematic (i.e. activity and distribution of velocities), (b) geomorphologic (i.e. based on the analysis of landforms), (c) geological (i.e. to map and spatially arrange the different lithologies as well as the main structures), (d) geotechnical (i.e. to geomechanically characterize the involved lithologies) and (e) petrophysical (i.e. to provide information from the subsurface).
During recent decades, remote sensing techniques such as Laser Scanning or Light Detection and Ranging (LiDAR) and SAR Interferometry (InSAR) have also become essential tools for the study of landslides (Jaboyedoff et al. 2012) . InSAR allows the measurement of small displacements over wide areas and LiDAR provides three-dimensional topographic information of the slope, providing data of high interest for the study, understanding and subsequent risk mitigation associated to the slope instabilities. The LiDAR technique allows obtaining high-resolution digital terrain models (DTMs) from acquisition distances up to thousands of meters which can be used for the detection and characterization of landslides (e.g. Palenzuela et al. 2014 , Royán et al. 2014 , landslide hazard and susceptibility studies (e.g. Ferrero et al. 2011 , Gorsevski et al. 2015 , modelling and monitoring of landslides (e.g. Heckmann et al. 2012 ) and rock mass characterization (e.g. Riquelme et al. 2014 , Riquelme et al. 2016 , Sturzenegger and Stead, 2009a .
Urban areas are zones of particular vulnerability to landslide damage (Alexander 1986 , Mansour et al. 2011 . In these areas, landslides can affect infrastructures and population placed on their depletion or accumulation zones even causing fatalities (Mansour, et al. 2011) . Therefore, the location and evaluation of the landslide-induced damage is essential to understand the exposure of the infrastructures and the population to this natural hazard in order to take appropriate remedial measures and effectively respond to future events. Moreover, the study of infrastructure damage can contribute to the understanding of the causes of the landslides along with an understanding of the impact that humans have on these factors. This study is mainly performed in the field by means of the compilation and description of data, such as the materials used in construction, the type of foundation and the type of architectural details, among others (Alexander 1986) .
In this paper, we present the case study of a rock spreading in Finestrat (Alicante, SE Spain) as an example of an effective multitechnical approach to understand the mechanism, kinematics and conditioning factors of the landslide. To this aim, geomorphological data, geotechnical information (i.e. geotechnical instrumentation, boreholes and laboratory tests), geophysical investigation results (i.e. seismic refraction and ground penetrating radar), forensic records and LiDAR-derived remote sensing information have been integrated and jointly analysed.
The paper is organized as follows: the general setting of the study area is detailed in the BStudy area^section. The BGeological and geotechnical settings^, BGeophysical surveys^, BRemote sensing investigations^and BForensic analysis of buildings^sections present the geological-geotechnical, geophysical, remote sensing and forensic information integrated in this work for the investigation of the landslide. Note that due to the large number of techniques used in this work, the methods and the results have been combined in these sections for a simpler and clearer presentation of the information. The comprehensive interpretation of the results provided by the different techniques is described in the BInterpretation and synthesis^section, and the BConclusionsŝ ection summarizes the main conclusions of the paper.
Study area
The study area (Fig. 1) is located in the easternmost sector of the Betic cordillera, which corresponds to the named Prebetic of Alicante. This area is characterized by the predominance of carbonatic and marly lithologies from Jurassic to Quaternary and wide gypsiferous diapiric Triassic outcrops (Colodrón and Ruíz 1978) . The urban area of Finestrat, which has about 6000 inhabitants, is placed over a diapir, which is delimited to the south and west by steep slopes mainly composed by Triassic lithologies.
The municipality of Finestrat is a major tourist attraction of Alicante. Most of the urban area is placed on the crown of a steep slope with a height up to 30 m. The slope is mainly composed of massive Keuper Triassic brittle gypsums on the top of the slope with alternating layers of clay, marl and sandstones on the bottom. Gypsum rock mass instabilities (e.g. toppling and rockfall) are frequent on the whole slope as shown by the large number of fallen rock blocks accumulated along the foot of the whole slope. In fact, a large rockfall event that occurred in January 2012 disrupted the road traffic for several hours without causing personal injury. However, in the recent times, the situation has become worse as some buildings placed above the slope have been severely affected by the slope activity and thus, this problem has attracted public attention.
Climatically, the area presents typical Mediterranean weather characterized by the presence of irregular and random precipitations with severe drought periods. Mean annual cumulative precipitations of 481 mm and temperature of 16.9°C were recorded during the period 1981 -2010 (Climate-Data 2016 . The drought periods range from 3 to 5 months, with few rainy days. At the end of drought periods, the autumnal heavy rainstorms can cause severe floods.
Geological and geotechnical settings
The field survey and the analysis of aerial orthophotos from 2003, 2006 and 2009 with a scale of 1:5000 as well as a 0.5-m grid digital elevation model (DEM) (GVA 2017) were used for geological and geomorphological mapping. This information was complemented by the existing lithological and geotechnical 1D information from two deep boreholes (S-1 and S-2, 39.75 and 30.30 m depth, respectively) bored in 2008 (Saval et al. 2009 ) and two shallow boreholes (S-1′ and S-2′, 9 m depth each) drilled in 2014 (Ayuntamiento de Finestrat 2014) ( Figs. 1 and 2 ). Boreholes S-1 and S-2 were instrumented by means of inclinometers, and three undisturbed samples were tested in the laboratory to identify and determine the mechanical and deformational properties of the involved soils and rocks (Table 1) . Complementarily, ten new geotechnical tests were performed using the three undisturbed samples taken from boreholes S-1′ and S-2′ (Table 1) .
According to this information, three main lithological units were recognized in the study area by Saval et al. (2009) based on Colodrón and Ruíz (1978) (Figs. 1 and 2 ): anthropogenic (ml 1 and ml 2 ), Quaternary (Q) and Upper Triassic subunits (T 1 and T 2 ). Anthropogenic Unit is composed by made land or artificial fill (ml 1 ) moved for construction purposes (e.g. roads embankments, urban area, etc.) and agricultural disturbances (ml 2 ). The Quaternary Unit (Q) is constituted by colluvial sediments composed of gravels with a clayey matrix and gypsum clasts that cover the lower part of the slopes, reaching maximum thickness on the NE sector of the study area. In the top of the slope, the thickness of this unit varies from 0.7 to 1.4 m. These units have been scarcely characterized in this study.
Two subunits can be differentiated in the Upper Triassic Unit (Table 1) . The first one (T 1 ) consists of red and grey marls and clays with thin (centimetre thick) layers of gypsum. This level presents a low plasticity (CL-SM), medium to stiff consistency (Uniaxial compressive strength (UCS) varying from 0.2 to 1.1 MPa) and occasional layers of competent sandstones (UCS equal to 3.6 MPa). The top of this layer has been found in S-1, S-1′ and S-2′ boreholes at a depth varying from 3.7 to 13.2 m from ground surface. The second subunit (T 2 ), whose thickness varies from 2.6 m in S-2′ to 13.2 m in S-1, is composed by high competence massive gypsum (UCS from 0.86 to 12.40 MPa) with thin marl and sandstone intercalations. This subunit presents a BVery high^to BExtremely high^2-cycle slake durability index (Id 2 ) according to Franklin and Chandra (1972) .
From a structural point of view, the slope under study is mainly affected by an up to 40 m long earth fissure-oriented parallel to the slope with a predominant N110°orientation. The fissure crosses some buildings and presents apertures up to near 25 cm (Bextremely wide^according to ISRM (1978) ).
Some springs were recognized in five different locations of the study area during the field works developed in June 2008 (Fig. 1) . The groundwater table was detected at 24.6 m depth in borehole S-1 although no groundwater table was observed in S-2 (Fig. 1) during the drilling tasks developed in July 2008. Complementarily, in the two new boreholes drilled in July 2014, the groundwater table was measured at 4.1 and 2.8 m depth in S-1′ and S-2′, respectively. Note that all depth-to-water measurements were made after the completion of the borehole and the stabilization of groundwater levels.
Although groundwater level information is certainly limited, the data recorded during the previous mentioned drilling works, the located springs and the different hydrological properties of the mapped units suggest that the slope presents two different groundwater units: a regional groundwater (GWL 1 ) input from the north that flows through the most permeable layers (i.e. sandstones) and the fractures of the marly layers, recharging the unit T 1 , and a perched groundwater level (GWL 2 ) which rely on secondary permeability of the unit T 2 and that is subjected to greater local influence.
The chemical analysis performed on water samples taken from S-1 by Saval et al. (2009) showed faecal and total coliform bacteria counts of 8 and 236 colony forming units (c.f.u) per 100 ml and faecal streptococci counts of 2 c.f.u per 100 ml. The origin of these microbiological organisms is attributed to raw sewage from the septic tanks of some old buildings not connected to the sewerage and leaks in the sewer.
The inclinometer installed in geotechnical borehole S-1 ( gradually reduce from 5 up to 21 m depth, being consistent with toppling failure. The available records appear to indicate that the inclinometer is not sufficiently deep to reveal in detail the bottom of the moving region. In the direction parallel to the slope, the displacements are lower than 2 mm and gradually decrease with depth. The independent measurements performed between April 2012 and May 2014 considering a new time origin provided maximum horizontal displacements near 6 and 4 mm in the dip direction and the parallel directions of the slope, respectively.
The aerial orthophotos and 0.5-m resolution digital elevation model (DEM) from Terrasit webpage (GVA 2017) used in this work show that the massive gypsum rocks form a near vertical cliff up to 13 m high in which some long persistent and subvertical fractures and well-defined rock blocks can be recognized. According to the correlation between the S-1 borehole and the outcrop of the gypsum subunit (T 2 ) on the slope face, the bottom of this layer slightly dips 5-10°towards the south. At the foot of the cliff, the clayey and marly terrains crop out as gentle slopes (i.e. 30-45°) covered by debris deposits and some blocks detached from the upper subunit (T 2 ). The total height of the slope reaches up to 30 m. The slope was originally densely vegetated at some sectors ( Fig. 1 ) by large trees and heavy cactaceous vegetation (e.g. Opuntia ficus-indica). After the January 2012 instability, most of the vegetation was removed by the municipality.
Regarding the stability of the slope, different instability modes have been identified during the field survey in the lower part of the ) planar slides and numerous rockfalls (according to Cruden and Varnes 1996, Hungr et al. 2014 ). However, rockfalls are the more common landslide type affecting the upper part of the slope (i.e. T 2 subunit) recognized in the study area. Figure 1 shows the location of the blocks fallen from the main scarps of the slope. The volume of these blocks ranges from 0.1 to 19.0 m 3 and are mainly composed of massive gypsum (Saval, et al. 2009 ). As a consequence of activity of the slope, a series of corrective measures were taken by the local authorities to improve its security during the second half of 2015. The developed works mainly consisted of the purge of unstable small rock blocks and the construction of an anchored reinforced concrete capping beam under the buildings located on the crown to improve their structural stability. Complementarily, the slope was draped by a cable net combined with a geotextile that was pinned to the slope using rock bolts.
Geophysical surveys
In 2014, 16 ground penetrating radar (GPR) profiles were recorded on the buildings placed on the crown of the slope in order to detect and map subsurface cracks (Ayuntamiento de Finestrat 2014). The multiple lines of data systematically collected were used to map the crack distribution. Additionally, two seismic refraction profiles were made along and across the slope (Ayuntamiento de Finestrat 2014). The methods are described and the profiles provided by the Ayuntamiento de Finestrtat (Ayuntamiento de Finestrat 2014) are analysed in detail in this section.
GPR continuous graphic profiles were recorded using a GSSI SIR-20 data acquisition system coupled to an antenna with a frequency of 200 MHz. The profiles were conducted on 16 linear sections located on the ground floor of the damaged buildings located on the crown of the slope (i.e. on the top of the massive gypsum subunit, T 2 ) and post-processed to enable the interpretation of the existing features. The depth of the GPR survey covers the upper 6 m of depth as the main aim was to locate the earth fissures affecting the more surficial layers. The results show that the depth of the less stiff materials (i.e. artificial filling, ml 1 , and weathered massive gypsum) reaches depths from 1.5 to 5.0 m (Fig.  4) . Moreover, the GPR profiles have allowed the recognition of different earth fissures with depths varying from 2 to 4 m. The depth of these cracks reaches maximum values near profile G-6 of 4 m gradually decreasing towards the eastern and western ends. Furthermore, the correlation of the different GPR profiles has allowed delineation of the direction of the main earth fissure affecting the buildings that varies from N109E to N130E.
The seismic refraction profiles were conducted along and across the slope (Fig. 4) using a PASI seismograph model 16S-P connected to a linear array of 24 geophones. The type of energy source used consisted of a sledgehammer striking a metal plate. Subsequently, the raw data were interpreted using RAYFRACT software that uses a smooth inversion tomographic method (Intelligent_Resources_Inc 2006) . The first seismic refraction profile (P-1) was made on the crown of the slope, on the massive gypsum unit (T 2 ), on a quasi-horizontal surface, and had a length of 30 m and a depth of penetration up to 3.5 m. The second profile (P-2) was developed downhill from NE to SW along 60 m long reaching a penetration depth over 20 m. This second profile was developed on the marl and clay subunit (T 1 ).
Profile P-1 (Fig. 4d) shows a low velocity layer (lower than 500 m/s) with a depth up to 1 m corresponding to artificial filling (ml 1 ). From 1.0 to 2.5-5.0 m depth, there is a layer with velocities varying from 500 to 1000 m/s. This layer corresponds to the more surficial altered gypsum and the more consolidated artificial fillings that in the geotechnical boreholes drilled near the profile reach up to 1.9 m. Below the bottom of the layer of altered gypsum, the velocities increase to over 1000 m/s corresponding to the massive gypsum (T 2 ) and the marls with sandstone (T 1 ). Note the existence of a positive relief of massive gypsum in the central part of the profile P-1 that reaches depths up to 0.5 m from ground surface. Profile P-2 (Fig. 4e) shows 0.0-1.0 m of artificial fillings (ml 1 ) and colluvial sediments (Q) with velocities lower than 500 m/ s, a second layer of less stiff marls/clays with 1-5 m thickness and velocities from 500 to 1000 m/s underlaid by stiffer layers of marl, gypsum and sandstone (velocities higher than 1000 m/s). Profile P-2 also confirms the apparent dipping of the contact between the massive gypsum (T 2 ) and the marl/clay (T 1 ) subunits towards the south, as deduced from geomorphologic observations.
Remote sensing investigations
Remote monitoring of the slope Three different ground-based LiDARs (hereinafter terrestrial laser scanners, TLS) were used during a 5-year time-span: (a) an Ilris-3D and a Ilris 3D long range were used for the first and the second field surveys, respectively, and (b) a Leica C10 laser scanner was used for the third and fourth field surveys. Table 2 summarizes the main characteristics of the developed field survey.
For change detection, at least two scans or acquisitions are needed. In this work, the distances between the different point clouds have been carried out using the multi-scale model to model comparison (M3C2) originally developed by Lague et al. (2013) .
The main methodological steps are:
1.
Step 1. Firstly, the station has been carefully selected in order to have a wide and unimpeded coverage of the slope face (Table 2 ). 2.
Step 2. Once the location was selected, the 3D point clouds (hereinafter referred to as 3DPC) were acquired ( Table 2 ). The first data acquisition (reference points cloud, D 0 ) was performed on February 2011. Second to fourth scans (comparison points clouds) were performed in August 2012, July 2014 and January 2016, comprising time intervals (temporal baseline) of 553, 1256 and 1822 days, respectively. Regarding the 3DPC acquisition, it is noteworthy that the 2014 3DPC only covers the eastern section of the main slope as this scan was originally performed to study the displacements of the buildings. Thus, no 3D information is available for the western sector of the slope. On the other hand, the 2016 3DPC was acquired once the slope had been draped by the cable net and the geotextile, and thus, the computed changes are affected by the works performed on the slope surface and the installation of the new corrective measures. Therefore, this 3DPC was only used for the study of the building displacements during this period. 3.
Step 3. 3D point clouds were aligned, and then, the differences between the reference and the comparison 3DPCs were obtained.
The change detection results derived from the TLS data have been jointly analysed with field data to understand the kinematics of the instability and the associated damage of the houses built-up above the crown of the slope. Figure 6 shows the large-scale changes (i.e. high magnitude changes represented using a −5 and 5 m colour scale) derived from the processing of 2011-2012, 2012-2014 and 2014-2016 TLS derived 3D point clouds. Note that the negative values of the colour scale indicate loss of material and the positive values material gain. The January 2012 rockfall event that disrupted the road traffic is delineated in Fig. 5c and clearly identified in Fig. 6a . The volume of the detached material has been evaluated at about 60 m 3 . The accumulation zone can be also easily recognized as the topography of this area was slightly modified during the conservation works to restore road traffic. Additionally, other minor rockfall events (1.2 to 1.5 in Fig. 6a ) can be recognized in the western sector of the affected slope area.
The second processing (i.e. 2012-2014) has allowed the detection of a minor rockfall event (delineated in Fig. 5d and labelled as 2.1 in Fig. 6b ) located in the foot of the area previously affected by the January 25, 2012 rockfall, coinciding with the contact between the massive gypsum and the marl and clay subunits (i.e. between subunits T 2 and T 1 ).
Some corrective measures were taken on the slope in 2016 that substantially modified the comparison point cloud, as mentioned before. Therefore, no changes have been recognized in the third processing (i.e. 2014-2016) .
The changes not labelled in Fig. 6 are associated with outliers that generate isolated changes, man-made modifications (e.g. the anchored reinforced concrete capping beam built between 2014 Fig. 3 LiDAR and inclinometer records and S-1 geotechnical borehole log. The section is placed across the building ranked as a Class 6 (partial collapse) in Fig. 10 Original Paper Landslides 15 & (2018) and 2016 on the top of the slope; Fig. 6c ) and vegetation phenology (mainly affecting the results shown in Fig. 6a, b , due to the strong clearing and pruning works performed during these periods).
The results have been also represented using a more detailed scale (i.e. using a − 0.3 to 0.3 m colour scale) to evaluate the smallscale changes due to the displacements of the buildings. These data have allowed measurement of centimetre scale changes in some parts of the buildings located upon the slope (Fig. 7) . These changes are higher in the second and third analysed period reaching up to 12 cm (Fig. 7c) .
Identification of discontinuities from 3DPC
The 3DPCs obtained during the 2011 and 2012 surveys have been also used for the remote characterization of rock mass discontinuities using the discontinuity set extractor (DSE) open-source software developed by Riquelme et al. (2014) . This software Fig. 4 a, b G-6 and G-18 ground penetrating radar profiles. Blue lines represent the top of the massive gypsum subunit (T2) and green lines the earth fissures. c Location of the ground penetrating radar and seismic refraction profiles. Note that although the figure represents the 16 GPR transects performed, only profiles G-6 and G-18 are shown as examples. d, e Seismic refraction profiles made on and along the slope. Notice that the vertical and horizontal scales of P-1 and P-2 profiles are different in both plots identifies and defines the different planar discontinuities of the rock mass slope surface by applying an analysis based on a neighbouring points coplanarity test, finding principal orientations by the non-parametric technique Kernel Density Estimation (Botev et al. 2010) and identifying clusters by the density-based scan algorithm with noise (Ester et al. 1996) . This information has allowed the identification of the most important discontinuity sets affecting the slope from the available 3DPC corresponding to 2011 (i.e. before the largest failure) and 2012 (i.e. after the large failure). The results are shown in Figs. 8 and 9 in which three and two discontinuity sets have been recognized from the 2011 and 2012 3DPCs, respectively, in the gypsiferous massif (i.e. subunit T 1 ). The three discontinuities identified from 2011 3DPC present the following orientations: 336/62 for J1 (blue in Fig. 8e ), 162/68 for J2 (red in Fig. 8e ) and 18/79 for J3 (green in Fig. 8e ). The processing of 2012 data only allows recognizing two sets of planar discontinuities: 337/66 for J1 (blue in Fig. 8f ) and 170/49 for J2 (red in Fig. 8f) . Figure 9b represents the stereographic projection of the different discontinuity sets derived from the analysed 3DPCs (J1, J2 and J3) as well as the zone of the great circles representing the variability of the slope (S) direction. The zone representing the range of directions of the earth fissure recognized by means of the GPR technique is also represented in the plot. From the figure, it is clear that J1 (the most exposed discontinuity) and J3 present a similar subvertical dip value and dip into the slope being geometrically compatible with a toppling failure mode. On the other hand, discontinuity set J2 dips out of the slope with a variable dip between 49 and 68°being prone to planar failure. It is noteworthy that the orientation of J3 obtained using LiDAR 3DPC is very similar to that derived from GPR results for the main earth fissure affecting the buildings (Fig. 8b) .
Forensic analysis of buildings
The buildings located on the top of the slope present important damage mainly consisting of cracks and fissures that were documented, described and mapped during fieldwork. Furthermore, some of the buildings placed on the crown of the slope present tilting since their load-bearing walls are partially founded on the most active rock block and partially founded on the inner less active rock block. The differential vertical displacements between both rock blocks cause the tilt of the building.
Complementarily, the damage of the buildings was ranked according to Cooper's (2008) building damage recording scheme, based on distribution and severity of the damage. The building structures of these properties are mainly composed of loadbearing masonry walls and wood joists, which are quite sensitive to vertical and horizontal differential displacements due to their rigidity (Burland and Wroth 1975) .
Field works have allowed the recognition of important structural damage (class 3 to class 6) on buildings, mainly concentrated near the slope face, decreasing as we move away from the cliff. In fact, most of the damaged buildings do not exhibit any damage or lesser damage on the north façades, as the severe damage is mainly concentrated on the portion of the buildings founded on the main unstable rock block (Figs. 7d and 10) . Furthermore, some minor damage (class 1 to class 2 in Fig. 10 ) have been observed as incipient fissures on the façades of some buildings, as well as on the rigid pavement of the street.
Interpretation and synthesis
The integration of the available geomorphological, structural, geotechnical, forensic and geophysical information as well as the monitoring data provided by the TLS and the installed inclinometer provided very relevant information for the understanding of the studied instability and its kinematics.
The slope has historically exhibited some slope instabilities, including the recent occurrence of the 60 m 3 event that happened during January 2012 and a minor rockfall event occurred between June 2013 and July 2014 (Figs. 1 and 5) . Coetaneously, some buildings founded near the cliff were severely damaged due to a slowmoving lateral spreading, causing considerable social alarm in the local population. The lithological, structural and geomorphological information acquired in this study suggests that there is an important structural and lithological control of the observed instabilities. Indeed, the co-existence of Triassic weak and brittle massive gypsum (T 2 ) laying over less competent lithologies (i.e. marls and clays from T 1 subunit) (Fig. 11 ) controls the generation of slope instabilities. This type of landslide typically develops on slopes formed by a soft and ductile material capped by a fragile rock mass (e.g. Elorza and Gutiérrez Santolalla 1998 , Gutiérrez-Santolalla et al. 2012 , Mantovani, et al. 2013 . Additionally, the delimitation of the massive gypsum blocks by subvertical crack J3 that presents an orientation 18/79, parallel to the free face of the slope (Fig. 9) , facilitates the mobilization of portions of massive evaporitic rock over the less competent lithologies, following an undefined basal shear surface. Similar behaviour has been pointed out in analogous study areas before , Mantovani, et al. 2013 . Therefore, the geomorphological, lithological and structural evidences point to the existence of a rock spreading landslide, which has been amplified by the loss of lateral support due to recent rockfall occurrence.
As previously mentioned, inclinometer S-1, which is 7 m from the slope face (Fig. 1) , showed maximum horizontal internal displacements on the more surficial layers of the slope, gradually reducing with depth (Fig. 3) . On the other hand, the TLS data analysis provided the changes produced on the slope face between 2011 and 2014 (Fig. 3) . Note that, as previously described, in 2016, a protection net was installed and then the TLS data of this date are not valid for the study of the slope face kinematics. Assuming that these changes correspond to the actual downhill displacements, we can note that the maximum values measured by TLS for the periods 2011-2012 and 2011-2014 are near 15 cm, being slightly higher in the upper part of the slope and the lower part of the buildings (Figs. 3, 6 and 7). Notice that, as the inclinometer S-1 is placed on the back of the rock block delimited by the main earth fissure (Figs. 1 and 3) , its displacements are lower than those measured by means of TLS data on the slope face and the buildings as expected. According to these data, the maximum velocity of the main mobilized gypsiferous rock mass is 20 mm/ year. Similarly, the maximum velocities of the back block, in which the inclinometer was installed (Fig. 11) , for the 2008-2012 and the 2012-2014 periods is 4.2 and 2.9 mm/yr., respectively. Therefore, two different kinematic characteristics can be distinguished associated with the rock mass blocks delimited by the main earth fissure that belongs to discontinuity set J3 (Fig. 11) : (a) a very slow movement (according to Cruden and Varnes 1996) affecting the outermost part of the slope corresponding to the front of the rock spreading and (b) extremely slow (according to Cruden and Varnes 1996) displacements associated to the innermost part of the rock spreading. The developed forensic analysis agrees the previous results, showing that there is a clear zonation of the damage affecting the buildings (Figs. 7d and 10) . The further away from the slope, the lower the damage, since most of the cracks affecting the buildings are concentrated near the slope face. In fact, some of the most damaged buildings located on the front of the slope crown even show very slight damage on their north façade. The explanation for this is that some buildings are partially founded on the unstable massive gypsiferous rock blocks (delimited by the recognized earth fissure) and the other part of the building is placed on a metastable block with a lower activity (Fig. 11) .
TLS information (Fig. 7) also agrees the distribution of the observed damage. The TLS-derived displacement plot shows maximum displacement values up to 15 cm on the line of sight between February 2012 and January 2016 concentrated on the lower balcony of the buildings classified as BPartial collapse^in agreement with the forensic analysis (Fig. 10) . These displacements gradually reduce towards the east, the west and from bottom to top of the buildings and perfectly match the area defined by the cracks mapped on the building façades (Fig. 10) . Additionally, the typical distribution of cracks (Fig. 7) of the south façades of the buildings (i.e. dipping towards east and west on both extremes, respectively) indicates that the central part of the area has been affected by sagging accompanied by the horizontal displacements measured by TLS and the inclinometer and observed in Fig. 6d .
The small vertical component of the displacement is also perceived in some cracks recognized on the floor of the damaged buildings that exhibit a small vertical throw (d v ). This circumstance indicates that the lateral extension of the clay and marl subunit is accompanied by small subsidence and tilt of the overlying massive gypsiferous rocks as other researchers have described (e.g. Radbruch-Hall 1978 , Schultz-Ela 2001 .
Groundwater existing on the slope could play a key role on the kinematics of this phenomenon due both to chemical and physical components. As previously explained, the groundwater present on subunit T 1 seems to have a regional input. However, the perched groundwater of subunit T 2 presents a greater local influence of the surface runoff that is directly poured over the slope and the discharge from septic tanks and the sewers. This water can infiltrate through the discontinuities of the gypsiferous massif (subunit T 2 ) to the lower impervious layers of clay (subunit T 1 ) partially filling the existing tension cracks. Fig. 9 a Location of the discontinuity sets J1, J2 and J3 affecting unit T2 semi-automatically derived from LiDAR 3DPCs. Dashed line maps the contact between the massive gypsum (T2) and the marl and clay (T1) subunits and dotted line delineates the rock block fallen between June 2013 and July 2014. Pictures were taken on June 2013. b Stereoplot representing the poles and great circles of the discontinuities derived from the 3DPC and the zones of the great circles representing the earth fissure recognized by GPR and the slope. Black (J1-1, J2-1 and J3-1) and green (J1-2 and J2-2) poles were derived from the 2011 and 2012 scans, respectively
The groundwater that flows through the gypsum-clay/marl contact can dissolve the bottom of the gypsum blocks up to saturation, eroding and causing a gradual loss of strength that can contribute to the observed subsidence as described by Gutiérrez-Santolalla et al. (2012) . Complementarily, this groundwater can saturate the underlying clay and marls modifying its consistence state and enabling their deformation and the consequent subsidence of the overlaying gypsum rock mass as previously described. Groundwater can also cause other well-known unfavourable effects on the stability of the slope as hydrostatic pressure and internal erosion.
In addition, the loads transmitted by the structures built-up to the edge of the cliff may control the lateral spreading due to their negative influence on its stability. Additionally, the slope was vegetated by some large trees and heavy cactaceous plants (Figs. 1 and 5b, c) before remedial actions were taken. This vegetation could exert a positive influence mainly on the slope stability of the marls and clays of T 1 subunit due to the removal of groundwater and the increase of soil Fig. 10 Damage observed in the buildings placed in the crown of the studied slope. Note that the level of damage of the buildings has been ranked according to Cooper's (2008) classification. The main damage observed on the buildings placed on the top of the slope consists of a long persistence and wide-aperture cracks (Fig. 10a-g ) affecting the walls and the floor of the buildings, b 45°cracks on the lateral walls of the buildings dipping away from the slope, c longitudinal displacements of the wood joists towards the slope (Fig. 10e, f) and d relative displacement (tilt) of the north façade towards the slope face (Fig. 10e ) shear strength by roots. However, according to the observed land sliding mechanism, the vegetation growing on the massive gypsum (T 2 ) increased the vertical loads due to its own weight as well as the horizontal loads and the bending moments induced by the wind. Furthermore, the roots could act as wedges, contributing to the fracturing of the gypsiferous rock mass.
The 60 m 3 instability that occurred on this slope in January 2012 was classified as a toppling according to the morphology of the original block and the observable rupture scar (i.e. J1 discontinuity set) after the failure (Figs. 5c and 9a ). This main failure was accompanied by some minor rockfall instabilities of nearby rock blocks (Fig. 6a) . The second registered instability occurred between June 2013 and July 2014 and also consisted of a toppling of a metastable rock block controlled by the set J1 (Figs. 5d and 6b) . Neither an earthquake nor rainfall was recognized in the previous days to these events, and therefore, the trigger of these events is attributed to the natural dynamics of the rock spreading. Actually, it is well known that despite the low displacement rate of rock spreadings, they can induce hazardous, collateral, faster landslides as topples and rockfalls, mainly on edges of the mobilized rock mass that are not confined laterally (Delgado et al. 2011 , Mantovani, et al. 2013 . Additionally, some authors suggest that rockfalls can potentially be considered as precursory behaviour prior to a larger slope failure or landslide (e.g. Rosser et al. 2007 , Royán, et al. 2014 . In this case of study, it can be seen that the gypsiferous rock block destabilized during the January 2012 event was located in the depth range in which maximum horizontal displacements up to 8 mm were measured between July 2008 and February 2012 by means of the inclinometer (Fig.  3) . Furthermore, this sector of the slope presents the maximum small-scale displacements (near 20 cm) derived from LiDAR between 2011 and 2014 (Fig. 6) . Therefore, it seems that the recorded rockfalls are exacerbated by the larger failure observed by the inclinometer and the LiDAR. Figure 11 shows an interpretative cross-section of the rock spread summarizing the different integrated aspects considered in this work, the kinematics, the mechanisms and the conditioning factors as previously described.
Finally, a simple two-dimensional limit equilibrium analysis of the slope has been performed to evaluate the possibility of planar sliding and toppling failure. The translational slip model assumes that the block slides along the contact between subunits T 1 and T 2 , as shown in Fig. 12 , and the safety factor (SF) is calculated as:
where c and ϕ are the cohesion and the friction angle, respectively, along the area of contact A between the subunits T 1 and T 2 that dips α = 10°away from the slope, W is the weight of the wedge, Q is the resulting load due to the buildings (calculated from a distributed load of 51 kN/m 2 corresponding to a two-floor masonry building with wood joists and concrete floor slabs) and E W1 and E W2 are the hydrostatic forces acting on the tension crack and the sliding surface, respectively.
Toppling model considers that the rock block turns around its base (O in Fig. 12 ) and the SF is calculated as
where d W , d W1 , d W2 and d Q are the perpendicular distances between the points at which the forces are applied and the axis of turning (O in Fig. 12 ).
Note that both models consider that the rock block is vertically delimited by the joint set J3 that corresponds to the tension crack recognized in the geophysical and forensic analysis and identified from 3DPC.
Since in this case of study geotechnical properties pose some uncertainties in the simulation, each significant parameter (i.e. the friction angle, the cohesion and the percent filled of the tension crack) has been varied systematically over its maximum credible range in order to determine its influence upon the factor of safety. The other parameters have remained constant. The results of the analysis are shown in Fig. 13 .
The plot shows that the SF for toppling increases very quick when groundwater level falls and, as it is well known, does not depend on the shear strength on the sliding plane. Furthermore, SF only reaches values lower than 1 when more than 95% of the tension crack is filled with groundwater (i.e. when h w is lower than 0.6 m).
For planar sliding, SF considerably increases with the friction angle and the cohesion, although the groundwater level exerts a greater influence. Assuming that the sliding of the block occurs along a failure surface involving the subunit T 1 and considering the upper and lower bound values of friction angle (ϕ from 31 to 32°) and cohesion (c from 0 to 18 kPa) (Table 1) , we can calculate the envelope of the SF (plotted in light orange in Fig. 13) . These values show that SF is less than 1 for h w lengths lower than 1.1 m (i.e. more than 92% of the crack filled). Thus, the results indicate that when the perched groundwater level (GWL 2 ) increases, both the toppling and the sliding SF reduce. However, SF reaches values lower than 1 (unstable) firstly for planar sliding before doing so for toppling failure. Additionally, for h w values up to 2.8 m (79.7% of the crack filled; Fig. 13 ), as the one recorded in borehole S-2′, the safety factor is 1.2 for planar failure and 1.4 for topple. When the groundwater level falls under the contact between subunits T 1 and T 2 , SF becomes infinity for toppling and 3.4 for planar sliding. Therefore, the stability analysis supports the sliding of rock blocks caused by ground water pressure as the main instability mechanism, although when high percentages of the tension crack are filled by groundwater (more than 95%), the blocks can also be affected by both toppling and sliding processes.
Conclusions
The interpretation of this rock spreading has been performed using data collected from the ground surface, the subsurface and buildings placed on the slope. investigation techniques used in this work and the provided type of data, their spatial extension and the contribution to surficial (at the ground surface) or internal (on the internal layer geometry and properties) information. Inclinometer and TLS-derived information provided quantitative 3D information about the inner and the surficial kinematics, respectively, of the landslide. Complementarily, forensic information has allowed delimiting the extension of the landslide, the parts of the rock spreading exhibiting higher accumulated displacements, the small vertical component of the movement and even the type of movement. The characteristic geomorphology of the steep slope defined by the massive gypsum subunit has contributed to the definition of the landslide slip surface through the geological mapping and the use of cartographic resources (i.e. aerial photographs and a DEM). Furthermore, the structural mapping of the discontinuities using the 3DPCs derived from TLS have provided useful geomorphologic information for the definition of the failure surfaces controlling the instability that occurred in January 2012 (i.e. J1 discontinuity set), the orientation of the discontinuity set J3, to which belongs the main earth fissure detected by GPR, as well as other potential sliding planes. Geophysical profiles contributed to the definition of the geometry of the different lithological units and the location of the earth fissures controlling the rock spreading. Geological mapping and borehole logs provided surficial and internal information, respectively, of the geological units involved on this landslide. The geological descriptions were supported by the geotechnical information provided from the recovered soil and rock cores from the boreholes. The results of the geotechnical tests contributed to the differentiation of the geomechanical properties of the units affected by the landslide. Petro-physical properties of the sub-surface obtained from 2D geophysical tests and 1D geotechnical boreholes were used to determine the extent of the different units and to define the geological contacts and the earth fissures delimiting the rock blocks. Finally, the limit equilibrium analysis of the rock block performed considering toppling and sliding failure mechanisms supports the sliding of the rock blocks that can be also accompanied by toppling when groundwater level is very high. The impact of groundwater levels on the stability of the slope is also very clear. The comprehensive analysis of the different data from this multi-technique and multidisciplinary approach suggests the vertical fracturing of the gypsum massif (T 2 subunit) by the discontinuity sets J1 and J3 into different independent rock blocks. These bodies slide over the ductile and less competent marls (T 1 subunit) exhibiting a Very slow to Extremely slow velocity according to Cruden and Varnes' classification (1996) that affects the buildings placed on the slope. This general movement induces faster landslides on the unconfined edges of the rock mass as shown by the joint analysis of inclinometer and LiDAR monitoring data. Forensic analysis confirms the assumptions of the occurrence of small vertical displacements of the massive gypsum blocks through the shape, distribution and aperture of the mapped cracks.
As a conclusion, the integration of geomorphological, structural, geotechnical, monitoring, geophysical, forensic information of this urbanized gypsiferous slope and simple limit equilibrium models has proved to be effective for an integral understanding of a complex rock spreading landslide as well as its kinematics, activity and conditioning factors. Furthermore, the continuation of the investigation will allow us to know whether the corrective adopted measures are effective or, on the contrary, new stabilization actions will be required.
